Based on Luttinger's formulation the complex optical conductivity tensor of ultrathin films of Fe on Pd (100) is calculated by means of the spin-polarized relativistic screened Korringa-Kohn-Rostoker method using a contour integration technique. For longitudinal geometry and oblique incidence ab initio Kerr spectra are then obtained via a 2 ϫ 2 matrix technique that takes into account all multiple reflections between layers and optical interferences. The obtained results are in very good agreement with the available experimental data.
I. INTRODUCTION
The interest in the dependence of magnetic properties in case of Fe/ Pd͑100͒ layered systems on the film morphology dates back more than ten years. 1, 2 Presently the following peculiarities concerning the properties of Fe ultrathin films on Pd(100) are known from the literature: (1) different deposition methods, i.e., thermal or pulse laser deposition, and temperatures provide different magnetizations 2, 3 and (2) there is a reorientation of the magnetization from out of plane to in plane around a critical thickness of about 2.5 monolayers (ML) of Fe, 1 which is well reproduced by ab initio calculations. 4 Furthermore, independent of an in-or out-of-plane direction of the magnetization, the Curie temperature increases monotonically with the Fe thickness. 1 Caused by the lattice constant misfit between bcc Fe and fcc Pd, two different growth modes are experimentally predicted for Fe/ Pd͑100͒-namely, a layer-by-layer one 5, 6 and another one in which two-dimensional islands of Fe are formed on top of the Pd substrate. 7 In the present contribution the longitudinal magnetooptical Kerr effect (LMOKE) and magnetic properties of Fe/ Pd͑100͒ are investigated using a first-principles approach with the Fe thicknesses ranging from the submonolayer regime up to ten atomic layers as based on experimentally determined profiles. 3, 8 
II. OPTICAL CONDUCTIVITY TENSOR
In terms of the current-current correlation function 9
with f͑͒ being the Fermi-Dirac distribution function, m and n a pair of eigenvalues of the one-electron Hamiltonian, J mn matrix elements of the electronic current operator ͑ = x , y , z͒, and V the reference (crystalline) volume, the complex optical conductivity ͑͒ is given by the wellknown Luttinger formula
In contrast to the widely used Wang-Callaway formula for the optical conductivity, 11 the Luttinger formula (2) has the advantage that it simultaneously provides the absorptive and the dispersive parts on the same footing without using the Kramers-Krönig relations. 9 The current-current correlation function ⌺ ͑͒ in Eq. (1) is evaluated by performing contour integrations. 12 From a numerical point of view, aside from the Matsubara poles, ⌺ ͑͒ depends on the number of complex energy points n z considered for the energy integrals and on the number of k ជ points used to calculate the scattering path operator within the spin-polarized relativistic screened Korringa-Kohn-Rostoker (SKKR) method and ⌺ ͑z ± ប + i␦ , z͒ for a given energy z, respectively. For this reason two efficient schemes have been introduced to control the accuracy of the z and k ជ integrations. 13
III. LMOKE FOR OBLIQUE INCIDENCE
In a previous paper, 14 it was shown in detail that for polar geometry and normal incidence the 2 ϫ 2 matrix technique takes into account all possible reflections and optical interferences within a layered system. Therefore, in here only those aspects of the 2 ϫ 2 matrix technique are briefly summarized which are needed for describing the Kerr effect for oblique incidence in a longitudinal geometry-i.e., when the magnetization is in the plane of incidence and perpendicular to the surface normal.
A. Basic concepts
Consider a right-handed Cartesian coordinate system with the origin at the interface, the z axis being parallel to the surface normal and pointing into the vacuum. If the 0yz plane is chosen as the plane of incidence, longitudinal geometry implies that the magnetization M ជ p is oriented in each layer p parallel to the y axis. The numbering of layers is assumed to start at the first layer on top of the semi-infinite substrate ͑p =1͒ such that if the system consists of N layers, the surface layer is labeled by p = N. Furthermore, it is convenient to introduce the index p = 0 for the substrate and p = N + 1 for the vacuum. The lower and upper boundaries of a particular layer p are planes at z p and z p+1 with z p Ͻ z p+1 . The interface to the vacuum is a plane at z N+1 = 0, whereas the lower boundary of the substrate is at z 0 =−ϱ. From an optical point of view each layer and therefore also the substrate are assumed to be a homogeneous, linear, and anisotropic conducting medium.
The harmonic plane wave for a complex electric (magnetic) field is of the form
where q ជ p is the complex propagation vector and = − i␦ the complex frequency. 15 In terms of the spherical colatitude ͑0 ഛ Ͻ /2͒ and longitude ͑0 ഛ ഛ 2͒ of the incident beam, for a longitudinal geometry and oblique incidence ( arbitrary and = /2) the propagation vector q ជ p is given by
where n ជ p is the complex refraction vector in layer p,
q 0 the propagation constant in vacuum, and e ជ x , e ជ y , e ជ z are the unit vectors along the coordinate axes. Here the Cartesian components of n ជ p are given by using the continuity of the electric and magnetic fields at the boundary between adjacent layers and the interface, 16 which implies that the x and y components of the wave vector are the same on both sides of a boundary-namely, ñ p = ñ N+1, ϵ ñ for = x , y and ∀p =1, ... ,N + 1. According to the complex propagation vector in Eq. (4), Eq. (3) can be written as
i.e., refers to a harmonic plane wave propagating in a particular layer p either in the +z͑Im ñ pz Ͼ 0͒ or −z direction ͑Im ñ pz Ͻ 0͒. In the case of plane waves the layer-resolved permittivity p ͑͒ is directly related within the Gaussian system of units to the layer-dependent conductivity p ͑͒ by 15
where I is the 3 ϫ 3 identity matrix. As the applied computational scheme for the conductivity tensor provides only contributions of the type pq ͑͒, in order to preserve Eq. (7), the interlayer and intralayer contributions to the permittivity are given by
with ␦ pq being the Kronecker symbol. Using the linear material equations it was shown that the layer-resolved permittivities p ͑͒ can be obtained self-consistently from the contributions pq ͑͒. 14 Since at least in the case of polar geometry and normal incidence very little differences between the zeroth order for the layer-resolved permittivities,
and their self-consistent counterparts arise, 14 in the following instead of using a self-consistent procedure simply Eqs. (8) and (9) are used.
B. Harmonic plane waves in a layer
By using the Gaussian system of units and suppressing for matters of simplicity the frequency dependence of all quantities, the propagation of a plane wave as given in Eq. (6) for an arbitrary layer p is completely described by the Helmholtz equation
and the curl Maxwell equation Because of the continuity of the tangential components of E ជ and H ជ at the boundary z p , the reflectivity matrix R p , for a particular layer p,
is obtained in terms of R p−1 by means of the recursion relation 19, 23 
where the 2 ϫ 2 matrices are defined as
and by using the lower boundary z p as reference plane for the four beams propagating in a layer p the propagation matrices C p k,k+1 are given by 
where the 2 ϫ 2 matrices A 0 12 and B 0 12 are of form as given in Eq. (17) . From the reflectivity matrix R 1 in Eq. (15), R 2 en suite, and so on, until the reflectivity matrix R N of the surface layer is obtained.
The continuity of the tangential components of E ជ and H ជ at the interface at z N+1 = 0 then yields the surface reflectivity matrix
12 ͒ = ͩ r xx r xy r yx r yy
ͪ, ͑18͒
where by taking into account that the dielectric tensor in the vacuum is given by 
where the complex reflectivity coefficients r xy and r yy follow from Eq. (18).
IV. RESULTS AND DISCUSSIONS

A. Investigated structures
Examining the experimentally determined concentration profiles, one immediately realizes that with the exception of 0.25 ML of Fe mainly two different situations occur: the surface layer contains either both Fe and Pd without forming a perfect stoichiometric binary alloy-e.g., 0.46, 1.50, and 1.97 ML of Fe (see the corresponding entries in the first column of Tables II and III Tables  II and III reference is made to a composition Fe x Pd 1−x the corresponding calculations were performed using the (inhomogeneous) coherent potential approximation; see, e.g., Ref.
26.
One possibility to simulate the experimental structures is to keep the experimental content of Fe unchanged and simply add Pd to form binary alloys of the type Fe x Pd 1−x -e.g., in the case of 0.46, 1.50, and 1.97 ML of Fe. In addition, by neglecting the island structure of all surfaces that contain 0.66, 0.89, 1.10, and 1.24 ML of Fe and adding the Fe content of islands on top of the actual surface (in the immediately following layer), a first set of theoretical concentration profiles (I) can be modeled; see Table II . A second set of theoretical concentration profiles (II) is obtained, when allowing Fe to form stoichiometrically perfect layered binary alloys (the cases of 0.46, 1.50, and 1.97 ML of Fe; see Table  III ). Furthermore, in order to investigate the influence of the islands an attempt is made to simulate this kind of situation by considering a surface of Pd 0. 15 Because no other surface x-ray diffraction (SXRD) data are available than those listed in Tables II and III , a series of theoretical structures Fe N /Pd N Ј /Pd͑100͒, with N + NЈ = 0 mod 3 for N = 1 , . . . , 10, has also been considered.
B. Kerr angles
As can be seen from Fig. 1, K shows pronounced maxima between 0.00 and 2.00 ML of Fe, in size comparable with the Kerr rotation angle for at least seven (complete) Fe monolayers on top of Pd. This at a first glance (experimentally observed) surprising result, 3 in fact, is not totally unexpected, because in a previous paper 27 it was already predicted that the Kerr rotation angle can be increased as compared to that of the corresponding ordered system if parts of substrate segregates into the (magnetic) surface. In the case of Co/ Pt, 27 it was shown that the high polarizability of the paramagnetic substrate leads to a contribution of the (substrate) buffer layers to the optical conductivity larger TABLE III. Concentration profiles of fcc layered systems Fe/ Pd͑100͒ containing fractional numbers of Fe layers as experimentally determined by fitting the x-ray diffraction data (Ref.
3) and the corresponding model profiles used in the calculations. Not listed are the seven (eight) Pd buffer layers to the Pd(100) substrate on the right. Boldface subscripts in the second column mark layers containing nonstoichiometric binary alloys: in the third column they point out differences with respect to the experimental concentration profiles. Also listed are theoretical profiles that correspond to an experimental Fe coverage of 0.46, 1.50, and 1.97 ML and in total contain 1.00 (a) and 2.04 (b) ML of Fe, respectively.
Fe (ML)
Experimentally determined concentration profiles a fcc Fe/ Pd͑100͒
Model layered system concentration profiles II than that of the magnetic surface. This is also the case for the system Fe/ Pd͑100͒ as easily can be seen by comparing in Fig. 1 the Kerr rotation angles for nominal 1 ML of Fe (see in Table III the entry for Fe 0.46 ML in the column headed by concentration profiles II) with that calculated for the ideal system Fe 1 /Pd 5 /Pd͑100͒.
From Fig. 1 one immediately can see that the two-peak structure obtained for Fe thicknesses below 2.00 ML agrees well with the experimentally observed pattern, although the calculated minimum around 1.00 ML of Fe is more pronounced than the experimental one. It is well known that only in the polar Kerr effect 28 or in a specific transverse configuration 29, 30 does the Kerr angle change linearly with respect to the magnitude of the magnetization. It is therefore not surprising at all that for more than 2 ML of Fe both the calculated and the experimental Kerr rotation angles in Fig. 1 depend quadratically on the number of Fe layers.
The behavior of the Kerr ellipticity angle ⑀ K as a function of the Fe coverage (see Fig. 2 ) is very similar to that of K in Fig. 1; i.e., several peaks show up for Fe thicknesses below 2.00 ML, whereas above 2.00 ML the Kerr ellipticity angle changes approximately quadratically with the number of Fe monolayers. Unfortunately, since no Kerr ellipticity angles were measured, a comparison of the calculated data with experimental ones cannot be made.
C. Relation to magnetic properties
There seems to be no direct correlation between the longitudinal Kerr rotation angle and the total magnetic moment. As can be seen from Fig. 3 , the total spin magnetic moment 26 (for all concentration profiles in Tables II and III) is approximately a linear function of the number of Fe layers, extending even to Fe submonolayers. A comparison of the total orbital magnetic moments 26 in Fig. 4 with the Kerr rotation angles K in Fig. 1 peaks for both quantities has to be related to the same intrinsic source. Because the orbital magnetic moment depends linearly on the strength of the spin-orbit coupling, it seems that the sharp maxima of the longitudinal Kerr rotation angle are mainly caused by spin-orbit coupling.
From Fig. 5 one can see that the band energy part of the anisotropy energy (for computational details, see, e.g., Ref. 26) for ideal ordered systems with less than 3 ML Fe favors an out-of-plane magnetization, whereas above 4 ML of Fe the magnetization is always in plane. 2, 4 Since for all systems corresponding to the model concentration profiles I and II, ⌬E b Ͻ 0, it can safely be concluded that because of diffusion effects, surface roughness, etc., during the deposition of Fe on top of Pd(100) all these systems have an in-plane magnetization, which in turn cannot be monitored by the polar Kerr effect.
V. SUMMARY
It has been shown that by modeling the Fe/ Pd͑100͒ system with submonolayers Fe coverage via concentration profiles appropriate to the experimental ones, the calculated longitudinal Kerr rotation angles are in very good agreement with the experimental results; i.e., the observed maxima for Fe submonolayer thicknesses and the quadratic dependence on the Fe content above 2 ML of Fe are both well reproduced. It was also found that the longitudinal Kerr rotation angle cannot be simply related to either the (spin or orbital) magnetic moments or to the band energy part of the magnetic anisotropy energy.
